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The FK506-binding proteins (FKBPs) are known both as the receptors for immunosuppressant drugs
and as prolyl isomerase (PPIase) enzymes that catalyse rotation of prolyl bonds. FKBPs are charac-
terised by the inclusion of at least one FK506-binding domain (FKBd), the receptor site for proline
and the active site for PPIase catalysis. The FKBPs form large and diverse families in most organisms,
with the largest FKBP families occurring in higher plants. Plant FKBPs are molecular chaperones
that interact with speciﬁc protein partners to regulate a diversity of cellular processes. Recent stud-
ies have found that plant FKBPs operate in intricate and coordinated mechanisms for regulating
stress response and development processes, and discoveries of new interaction partners expand
their cellular inﬂuences to gene expression and photosynthetic adaptations. This review presents
an examination of the molecular and structural features and functional roles of the higher plant
FKBP family within the context of these recent ﬁndings, and discusses the signiﬁcance of domain
conservation and variation for the development of a diverse, versatile and complex chaperone
family.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V.1. Introduction
The FK506-binding proteins (FKBPs) were initially characterised
as cellular targets for FK506 and rapamycin, macrolides produced
by soil bacteria that are used as immunosuppressant drugs [1,2].
The FKBPs joined the unrelated cyclosporin-binding cyclophilin
(CYP) proteins in the class of immunosuppressant receptors known
as immunophilins [3]. In immune cells, the FK506–FKBP and cyclo-
sporin–CYP complexes interact with the calcium-dependant phos-
phatase calcineurin (CaN), interrupting the phosphorylation
signalling pathway required for expression of genes involved in
immune response, while FKBP-bound rapamycin interacts with
the kinase ‘target of rapamycin’ (TOR), causing cell cycle arrest that
is also immunosuppressive [4]. Another characteristic of the FKBPs
and CYPs is ‘peptidyl-prolyl isomerase’ (PPIase) activity; that is, the
ability to catalyse rotation of the peptide bond immediately pre-
ceding a proline residue between cis and trans conﬁgurations
[1,2,5]. The immunophilins share this property with parvulin, a
non-immunophilin PPIase [6].
The FKBPs form large protein families in eukaryotes, the largest
of which occur in higher plants, with 23 isoforms in Arabidopsisal Societies. Published by Elsevier
, Department of Biochemistry
u, Finland.thaliana [7] and 29 Oryza sativa [8]. Since their initial exploration
two decades ago [9], plant FKBPs have been implicated in a diver-
sity of cellular processes including development, stress response,
transcription regulation and chloroplast function (reviewed in
[10,11]), and yet speciﬁc details of FKBP behaviour in plants have
been difﬁcult to pin down. Recent evidence indicates that plant
FKBPs operate primarily as regulators of protein function through
speciﬁc interactions with protein ligands, and that variation in
FKBP sequence and structure has facilitated the evolution of a di-
verse family of molecular chaperones. In this review we examine
the growing body of evidence shedding new light on the evolution
and cellular functions of FKBP families in higher plants, and pro-
pose a general role for FKBPs in protein phosphorylation.
2. Domain compositions of plant FKBPs
2.1. The FK506-binding domain
FKBPs are characterised by the inclusion of at least one FK506-
binding domain (FKBd), which is the receptor site for proline and
proline analogues such as FK506 and rapamycin, and the active
site for PPIase catalysis. The FKBd sequence of approximately
110 amino acids (Fig. 1) adopts a well-conserved tertiary struc-
ture [12–14], primarily containing six anti-parallel beta sheets
connected by a number of solvent-exposed loops, one of whichB.V. Open access under CC BY-NC-ND license.
Fig. 1. Amino acid alignment of FK506-binding domains. Domains aligned are from FKBP isoforms of Homo sapiens (HsFKBP12; Genbank Accession NP_463460.1), Oryza
sativa (OsFKBP12; LOC_Os06g27970), Arabidopsis thaliana (AtFKBP12; LOC_At5g64350, AtFKBP13; LOC_At5g45680, AtFKBP42; LOC_At3g21640) and wheat (wFKBP72
domains I, II and III taken from PDB accession 3JYM [72]). Bolded numbers indicate the position of the ﬁrst and last residues in the original FKBP sequence. Bars span alpha
helix (a) and beta sheet (b) regions of the tertiary structure of H. sapiens FKBP12 (PDB Accession 2PPN; [79]). Brackets show the loop regions as labelled. Shaded residues are
identical, dashes indicate gaps in the alignment.
Fig. 2. The archetypal FK506-binding domain structure. Crystal structure of H.
sapiens FKBP12 tertiary structure (PDB Accession 2PPN; [79]) showing beta strands
(blue), helices (red) and loops (white), which are labelled in correspondence with
Fig. 1. Five hydrophobic residues at the FKBd core are coloured and labelled
according to their positions in HsFKBP12.
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cave surface opposite the helix and hydrophobic sidechains pro-
jected towards the protein core create a hydrophobic cavity that
accommodates proline [15]. The loops, designated the 30s, 40s,
50s and 80s loops according to their location in archetypal FKBP
sequence (Fig. 1), interact with substrates bound at the FKBP ac-
tive site and also with secondary proteins bound at the FKBd
periphery, such as CaN and TOR in mammals (reviewed in [16]).
Despite strong conservation of the FKBd, a sizeable proportion
do not bind drug ligands and lack any measurable PPIase activity
(see Table 1), suggesting an alternative primary function for this
domain that is discussed below.2.2. Multidomain FKBPs
Plant FKBPs range in size from the 12 kDa isoform in Arabidop-
sis (AtFKBP12), comprising a single FKBd [17], to the 77 kDa iso-
form found in wheat (wFKBP77) [18]. Large FKBPs in plants and
other species contain functional domains in addition to the oblig-
atory FKBd, which is often repeated three times in tandem (Fig. 3
and Table 1). Also common are tetratricopeptide repeat (TPR) units
that form anti-parallel alpha-helical domains, commonly providing
the site for interaction with the large multipurpose heat shock
chaperone HSP90 [19]. Calmodulin (CaM)-binding domains (CaM-
Bds) frequently occur at the C-termini of large plant FKBPs and
have been shown to actively bind the calcium sensor CaM
[20,21]. The speciﬁc role of calcium signalling in the functioning
of plant FKBPs has not been demonstrated, although CaM is a com-
plex regulator of one mammalian FKBP that governs both HSP90
interaction at adjacent TPRs and substrate binding at the distal
FKBd [22], suggesting similar calcium regulation may be possible
for some multidomain FKPBs in plants.
3. Functional roles of plant FKBPs
3.1. Duplicated FKBPs in stress response
The multidomain isoforms FKBP62 and FKBP65, more com-
monly known as ROF1 and ROF2, respectively, share 85% identity
in Arabidopsis [19,23] and comprise one of several sets of homol-
ogous FKBP duplicates found in plant genomes. Breiman and
co-workers [24,25] discovered that ROF1 and ROF2 work antago-
nistically in the development of long-term tolerance to high tem-
perature in Arabidopsis by modulating the expression of several
small heat shock proteins (sHSPs) involved in recovery from heat
stress. ROF1 binds via a TPR to HSP90, which in turn binds the heat
shock transcription factor HsfA2 and the ROF1–HSP90–HsfA2 com-
plex is then translocated to the nucleus where it induces expres-
sion of sHSPs and ROF2 [24]. ROF2 interrupts the nuclear ROF1–
HSP90–HsfA2 complex by binding to ROF1 at its FKBd, thereby
down-regulating sHSP expression during the recovery phase after
heat shock [25]. Knockout of rof1 severely compromised the plants’
ability to cope with high temperature after a prolonged period of
recovery (2–3 days) following initial heat shock, similar to the ef-
fect of HsfA2 knockout, while rof2 mutants and plants over-
expressing ROF1 acquired better long-term heat tolerance than
the wild type [24,25]. ROF2 was recently implicated in regulating
intracellular pH and membrane polarity by controlling K+ ion
Table 1
Structural and functional details of the FKBP isoforms in higher plants.
FKBP isoforma Plant speciesb PPIase activityc Domainsd Functions in plants Phenotype of Arabidopsi mutant Singleton (S) or duplicate (D) e
Cytosol
FKBP12 Vf [80]
At [17,80]
Zm [74]
Os [8]
Pw [55]
ND FKBd Interacts with AtFIP37 for embryo development [17]
Interacts with HAP5 for pollen tube development [55]
None [54] S
FKBP42 At (TWD1) [21,36]
Os [8]
Zm [29]
No [21,37] FKBd, TPR, CaMBd Regulates assembly of cellular
auxin efﬂux channels [37,41,43]
FKBd binds P-glycoproteins at plasma
membrane [21,37] and ER membrane [44]
TPR binds multidrug resistance-like proteins
via HSP90 [38]
Stunted growth, helical r tation
of roots and shoots [21,3 ]
S (A. thaliana)
D: OsFKBP42b
FKBP42b Os [8] ND FKBd,
TPR, CaMBd
Unknown ND D: OsFKBP42a
FKBP62 At (ROF1) [23]
Ta (wFKBP73) [27]
Os (OsFKBP64) [28,81]
Zm (ZmFKBP62a) [20,29]
Yes [27] 3 FKBd, TRP, CaMBd Manages expression of small heat shock proteins,
TPR binds HsfA1 transcription factor to
nucleus via HSP90 [24,25]
Interacts with phytochrome B [81]
Plants collapsed at 40 C fter heat
acclimation and prolong period of
recovery, fewer rosette l ves [24,26]
D: AtFKBP65
(ROF2); wFKBP77;
OsFKBP65; ZmFKBP62b
FKBP65 At (ROF2) [19]
Ta (wFKBP77) [18]
Os (OsFKBP65) [28]
Zm (ZmFKBP62b) [29]
Yes [25] 3 FKBd, TRP, CaMBd Expressed in response to heat treatment [18]
Interacts with ROF1, antagonises ROF1 activity for
acquired thermotolerance [25]
Regulates intracellular pH [26]
Plants resistant to heat t atment following
acclimation and prolong period
of recovery [25]
D: AtFKBP62
(ROF1); wFKBP73;
OsFKBP64; ZmFKBP62a
FKBP72 At(PAS1) [49]
Os [8]
Zm [29]
Minor [53] 3 FKBd, TRP, CaMBd Translocates NAC-like transcription factor
to nucleus [52]
Scaffold for assembly of very long fatty acid
chain elongation complex in ER [48]
Short, thick hypocotyls, sed leaves,
sterile [49]
S
FKBP75 Os [8] ND H-phobic chap. domain,
3 FKBd, TRP, CaMBd
Unknown ND D: OsFKBP64
ER
FKBP15-1 Vf [35]
At [35]
Os [8]
Zm [29]
Yes [35] FKBd Upregulated by heat shock [35] ND D: FKBP15-2
FKBP15-2 At [35]
Os [8]
Zm [29]
ND FKBd Unknown ND D: FKBP15-1;
ZmFKBP15-3
FKBP15-3 Zm [29] ND FKBd Unknown ND ZmFKBP15-2
Nucleus
FKBP15-3 At [7] ND FKBd Unknown ND D: AtFKBP20-1
FKBP20-1 At [7]
Os [34]
Zm [29]
ND FKBd Interacts with Sce, upregulated by heat
treatment [34]
ND D: AtFKBP15-3;
OsFKBP20-1b
FKBP20-1b Os [8] ND FKBd Induced by salt, heat, desiccation stresses [32] ND D: OsFKBP20-1
FKBP53 At [56]
Zm (ZmFKBP53a) [29]
ND Acidic/basic domains, FKBd Interacts with histone, regulates expression
of 18S ribosomal subunit [56]
None [56] D: AtFKBP43;
ZmFKBP53b
FKBP43 At [7]
Os [8]
ND Acidic/basic domains, FKBd Possible functional overlap
with FKBP53 [56]
None [56] D: AtFKBP53;
OsFKBP43b
FKBP43b Os [8]
Zm (ZmFKBP53b) [29]
ND Acidic/basic domains, FKBd ND D: OsFKBP43b;
ZmFKBP53a
Thylakoid
FKBP13 Vf [82]
At [64]
Yes [60,63,66] FKBd Interacts with Rieske [63,64]
PPIase activity is redox-regulated [66]
None [59] D: FKBP16-2
(continued on next page)
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Table 1 (continued)
FKBP isoforma Plant speciesb PPIase activityc Domainsd Functions in plants Phenotype of Arabidopsis mutant Singleton (S) or duplicate (D) e
Os [8]
Ta [63]
Zm [29]
FKBP16-1 At [7]
Os [8]
Ta [63]
Zm [29]
No [60,63] FKBd Interacts with PSI subunit PsaL [63] ND S
FKBP16-2 At [7]
Os [8]
Zm [29]
No [60] FKBd Part of NDH complex [63] None reported [65] D: FKBP13
FKBP16-3 At [7]
Os [8]
Ta [63]
Zm [29]
No [60,63] FKBd Interacts with photosystem assembly
regulators APO2 and Thf1 [63]
ND S
FKBP16-4 At [7]
Os [8]
Zm [29]
No [60] FKBd Unkown ND S
FKBP17-1 At [7]
Os [8]
Zm [29]
No [60] FKBd Unknown ND S
FKBP17-2 At [7]
Os [8]
Zm [29]
No [60] FKBd Unknown ND D: AtFKBP17-3;
ZmFKPB-3
S: (O. sativa)
FKBP17-3 At [7]
Zm [29]
No [60] FKBd Unknown ND D: AtFKBP17-2;
ZmFKBP17-2
FKBP18 At [7]
Os [8]
Zm [29]
No [60] FKBd Unknown ND S
FKBP19 At [7]
Os [8]
Zm [29]
No [60] FKBd Unknown ND S
FKBP20-2 At [7]
Os [8]
Zm [29]
No [60,62] FKBd Vital of PSII supercomplex
assembly [62]
Stunted growth, pale [62] S
Trigger factor At [7]
Os [8]
Zm [29]
ND FKBd (central)
2 TIG domains
Unknown ND S
a Standard name based on Arabidopsis isoform.
b At: Arabidopsis thaliana; Os: Oryzasativa; Vf: Viciafaba; Zm: Zea mays; Ta: Triticumaestivum; Pw: Piceawilsonii; alternative names for FKBP isoforms stated in brackets.
c ND-not determined.
d Domain structure listed from N-terminus to C-terminus, localisation signals and signal peptides not included.
e Identity of putative duplicate isoforms listed.
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Fig. 3. Domain organisation of rice FKBPs. The FK506-binding domain (blue) is conserved in all plant FKPB isoforms. Signal peptides for chloroplast (light green) and thylakoid
(dark green) localisation occur at the N-termini of the lumenal FKBP isoforms, as seen in OsFKBP13. Multidomain isoforms commonly contain additional FKBds (OsFKBP64
and OsFKPB65), tetratricopeptide repeats (red) for HSP90 interaction, calmodulin-binding domains (yellow) and transmembrane anchors (black). OsFKBP54a and other
nuclear isoforms possess basic domains (pink) containing lysine motifs (black vertical lines). Numbers represent amino acid positions in the rice FKBP. Adapted from [8].
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erated in higher susceptivity of the rof1/rof2 double knockout mu-
tant to acid inhibition than single rof1 or rof2 knockouts [26].
Orthologous ROF1/ROF2 pairs exist in wheat [18,27], rice [28]
and maize [29], and their domain structures and expression pro-
ﬁles are homologous to their Arabidopsis counterparts, indicating
that the antagonistic behaviour of this FKPB pair in acquired ther-
motolerance is a conserved mechanism in higher plants. A pair of
ROF1/ROF2 analogues in mammals, FKBP52 and FKBP51, are dupli-
cates that also function antagonistically in stress response, binding
to the glucocorticoid receptor (GR) or a number of other steroid
hormone receptors though TPR-mediated interaction with HSP90
[30]. FKBP52 facilitates nuclear translocation of ligand-bound GR,
leading to upregulation of stress-responsive genes including
FKBP51, which is an antagonist of GR translocation [31,32]. The
discovery of ﬁnely-tuned stress response mechanisms facilitated
through antagonistic FKBP duplicates such as ROF1/ROF2 and their
homologues invites speculation that other FKBP pairs may operate
with similar coordination.
The rice isoforms OsFKBP20-1a and OsFKBP20-1b share 85%
identity and are both expressed in response to heat and desiccation,
although they possess distinct expression proﬁles. Ahn et al. [33]
showed that OsFKBP20-1a is highly expressed in all tissues and is
upregulated soon after temperature and drought stress, while high
levels of OsFKBP20-1b expression are seen only after 24 h of stress.
Both FKBPs occur in the rice nucleus, while OsFKBP20-1b was also
found in the cytosol [33]. Physical interaction between OsFKBP20-
1a and the SUMO-conjugating enzyme (Sce), which attaches small
ubiquitin-like modiﬁer (SUMO) proteins to other target proteins,
is thought to mediate heat stress response [34], however no inter-
action partners for OsFKBP20-1b have been identiﬁed. A third set
of FKBP duplicates involved in plant stress response is localised to
the ER, although its function here is unknown. AtFKBP15-1 and
AtFKBP15-2 are 70% identical and are upregulated by heat stress
[7,35]. A third duplicate within this group was recently identiﬁed
in maize, where ZmFKBP15-3 is strongly upregulated under high
temperature, while ZmFKBP15-1 and ZmFKIPB15-2 are expressed
at normal levels during heat stress [29].
3.2. FKBPs vital for plant development
FKBP42 in Arabidopsis was named TWISTED DWARF1 (TWD1)
after the stunted growth and helical rotation of roots and shoots
in the twd1 mutant [21,36]. This phenotype resulted from inter-
rupted transport of auxin, a phytohormone that controls cell elon-
gation and division, because TWD1 interacts with ATP-binding
cassette (ABC) transporter proteins that are responsible for cellular
auxin efﬂux [37,38]. Extensive characterisation by Geisler and
co-workers has shown that the single FKBd of TWD1 binds theC-terminus of the ABCB1 and ABCB19 transporters (also called P-
glycoproteins PGP1 and PGP19, respectively), regulating the for-
mation of functional auxin transport machinery in the plasma
membrane [37–41]. TWD1 has been isolated from plasma and
tonoplast membranes [21], where it is secured by a C-terminal
membrane anchor [42,43]. Recent evidence identiﬁed TWD1 at
the cytosolic face of the ER, where it has been proposed to operate
as chaperone for ABCBs as they enter the secretory pathway [44],
however this remains contentious. The importance of a functional
CaMBd at the C-terminus of TWD1 [21,45] is unknown, and is not
required for the interaction between an adjacent TPR domain and
the membrane transporters ABCC1 and ABCC2, also called multi-
drug resistance proteins MRP1 and MRP2, respectively [38,45].
Interestingly, the TWD1 TPR targets CaMBds that are also present
in ABCC1 and ABCC2, transporters involved in sequestration of ar-
senic, cadmium and mercury in the vacuole [46], although the
TPR–CaMBd interactions were not affected by calcium or CaM
in vitro [38] and the possibility of a regulatory role for calcium re-
mains to be demonstrated. The TWD1 TPR also binds with HSP90
[21], but the signiﬁcance of this interaction is again unknown.
FKBP72 plays a vital role in plant development through its par-
ticipation in the synthesis of very long chain fatty acids (VLCFAs)
that are components of several lipid products including membrane
phospholipids and sphingolipids, essential for normal cell division
and differentiation [47]. FKBP72 dysfunction causes unregulated
cell division due to interrupted VLCFA synthesis [48], leading to a
mutant phenotype known in Arabidopsis as ‘PASTICCINO’ [17,49].
AtFKBP72 (PAS1) is thought to operate as a scaffold for the assem-
bly of the VLCFA elongation complex in the ER through interactions
with enzymes involved in VLCFA synthesis including dehydratase
(PAS2), carboxylase (PAS3) and reductase (CER10, ECR)
[48,50,51]. PAS1 also chaperones translocation of the FKBP-associ-
ated NAC-like (FAN) transcription factor to the nucleus of dividing
cells to regulate cell proliferation [52]. Interactions with the VLCFA
elongase complex [48] and with FAN [52] both require the C-termi-
nal region of PAS1 that contains a CaMBd [53], suggesting the
interactions may involve CaM. The C-terminal domain of PAS1,
which contains a membrane anchor adjacent to the CaMBd similar
to that seen in TWD1 [7], regulates its cellular distribution by
excluding PAS1 from the nucleus except during cell division [52].
It is possible that the membrane anchor tethers PAS1 in the cytosol
until a signal for cell differentiation causes CaM and/or FAN to
bind, disrupting the membrane anchor and allowing translocation
of the complex via the putative nuclear localisation signal at the
PAS1 N-terminus [8].
FKBP12 is the smallest isoform in plants, and is found in the cyto-
sol [11,29]. In Arabidopsis FKBP12 interacts with AtFIP37, a DNA-
binding protein involved in mRNA splicing, cell cycle regulation
and embryo development [17,54], while FKBP12 in the conifer
3544 P.J. Gollan et al. / FEBS Letters 586 (2012) 3539–3547species Picea wilsonii has a role in pollen tube development through
interaction with HAP5, a subunit of a histone-associated transcrip-
tion factor [55]. These results suggest a role for plant FKBP12 in reg-
ulating nuclear translocation of DNA-binding proteins.
3.3. FKBPs regulating gene expression
Li and Luan [56] recently demonstrated a physical interaction
between FKBP53 and the histone H3 subunit in Arabidopsis, impli-
cated this nuclear FKBP in regulating gene expression. AtFKBP53
localises to chromatin at 18S rRNA genes, indicating a role in his-
tone deposition to regulate expression of the 18S ribosomal sub-
unit. AtFKBP53 binds with histone via an N-terminal domain
highly concentrated with acidic residues [56]. This domain is also
seen in the duplicate AtFKBP43 [7] and in the rice paralogues
OsFKBP53a and OsFKBP53b [8], indicating functional overlap be-
tween nuclear duplicates that may account for the lack of growth
phenotypes in atfkbp53 and atfkbp43 gene knockouts [56].
4. FKBPs in the chloroplast thylakoid
4.1. Interactions regulating photosynthetic membrane assembly
Proteomics analyses exposed a surprisingly large number of
FKBPs associated with the thylakoid membrane and lumen in Ara-
bidopsis [57,58]. Between 30% and 50% of the FKBP population of
higher plants are predicted thylakoid residents identiﬁed by cleav-
able signal peptides encoded in FKBP genes [7,8,29]. PPIase assays
of Arabidopsis thylakoids have shown that FKBP13 and the cyclo-
philin CYP20-2 are the only active PPIases in this compartment
[59,60], although the importance of PPIase activity in the thylakoid
is in doubt after a double-knockout showed both FKBP13 and
CYP20-2 to be redundant for chloroplast function [61]. Several re-
cent studies indicate that the principal role of many lumenal FKBPs
is to regulate assembly of photosynthetic membranes. Knockout of
FKBP20-2 in Arabidopsis led to a reduction in PSII supercomplexes
and an increase in unassembled PSII monomers and dimers, estab-
lishing a role for AtFKBP20-2 in photosystem II (PSII) stability and
assembly that is essential for normal plant growth [62]. In a recent
yeast two-hybrid study of FKBPs of the wheat thylakoid, we iden-
tiﬁed physical interactions between TaFKBP16-1 and the PsaL sub-
unit of PSI, implicating this isoform in PSI assembly during
thylakoid biogenesis, while TaFKBP16-3 interacted with ‘thylakoid
formation-1’ (Thf1) and ‘accumulation of PSI-2’ (APO2), both of
which are involved in the maturation of photosynthetic mem-
branes [63]. Our work also identiﬁed interaction between TaF-
KBP13 and the photosynthetic Rieske protein, which is the iron–
sulphur-binding subunit of the cytochrome b6f complex (Cyt b6f)
involved in photosynthetic electron transfer. Earlier yeast two-hy-
brid work by Gupta et al. [64] found that Rieske interacted specif-
ically with the AtFKBP13 signal peptide and the authors proposed a
role for AtFKBP13 as a stromal regulator of Rieske assembly. This
has been recently challenged by the absence of Rieske over-accu-
mulation in an atfkbp13 knockout mutant [61] and by our ﬁnding
that Rieske interacts with the mature, lumenal form of TaFKBP13,
and not with its chloroplast precursor [63]. The functional signiﬁ-
cance of the FKBP13–Rieske interaction is currently unknown.
4.2. FKBPs regulating photosynthetic electron ﬂow
AtFKBP16-2 was recently discovered in a lumenal multi-protein
subcomplex of NADPH dehydrogenase-like complex (NDH), which
facilitates cyclic electron ﬂow (CEF) around photosystem I (PSI)
[65]. Knockdown using RNA interference showed that AtFKBP16-
2 was essential for assembly of functional NDH and for formationof the NDH–PSI supercomplex that carries out CEF [65]. Notably,
FKBP13 and FKBP16-2 in higher plants are homologous duplicates
possessing cysteine pairs at identical positions [7,8], which in
AtFKBP13 form disulphide bonds under oxidising conditions that
stabilise the active site and allow substrate-binding [66,67]. It is
therefore likely that the substrate-binding activities of FKBP13
and probably FKBP16-2 are regulated by thylakoid redox signals,
suggesting that these FKBPs may link redox with assembly and/
or activity of NDH and Cyt b6f, both of which are linked to CEF
[65,68,69]. The occurrence of FKBP13 and FKBP16-2 in higher
abundance in bundle sheath cells than mesophyll cells of C4 plants
[70] is in line with a role in CEF.
5. Current perspective on the plant FKBPs
5.1. The FKBd structure for functional specialisations
PPIase activity of an FKBP signiﬁes how well the FKBd can
accommodate a proline substrate, which is dictated by the hydro-
phobic residues at the domain core that determine the size of the
protein cavity, and by residues in the solvent-exposed loops that
determine substrate access [71]. The direct relationship between
PPIase activity and FKBd structure is evident in thewFKBP73 crystal
structure recently solved by Unger et al. [72], which shows the deep
hydrophobic cavity of the PPIase-active N-terminal FKBd (‘domain
I’ sequence in Fig. 1) that does not occur in PPIase-deﬁcient domains
II and III. Differences in domain structure can be attributed to var-
iant residues in the 50s and 80s loops of the ‘inactive’ domains [72],
highlighting the importance of the loop regions for substrate bind-
ing at the ‘active site.’ The role of the 50s loop in substrate speciﬁc-
ity is also seen in the FKBd structure of TWD1, wherein the variant
50s loop (compared to HsFKPB12; Fig. 1) protrudes across the
hydrophobic protein core, obstructing proline access and preclud-
ing PPIase activity [73]. Notably, based on the TWD1 structural
model, the interaction with ABCBwas predicted to occur at the out-
er, convex side of FKBd [45], suggesting that variation in loop resi-
dues and changes to ‘active site’ structure can lead to
neofunctionalisation of the FKBd. Structural modelling of plant
FKBP12 isoforms revealed that the weak binding of AtFKBP12 to
FK506 and lack of interaction with TOR kinase was a product of a
small FKBd cavity due to atypical residues in the 50s loop (Fig. 1),
while the homologous loop in ZmFKBP12 from maize creates a
hydrophobic cavity large enough for drug-binding and subsequent
interaction with TOR [74]. Dissimilar 50s loops and unique interac-
tion partners of PwFKBP12 and AtFKBP12 [17,55] also supports the
role of the 50s loop in determining substrate speciﬁcity. Structural
analysis of AtFKBP13 identiﬁed a similar role for the 80s loop in reg-
ulating substrate access to the active site in a redox-dependant
manner [67]. A unique motif in the 80s loop of wheat FKBP13 that
is not found in AtFKBP13 may explain the differences in substrate
selection between the Arabidopsis and wheat homologues
[63,64]. The recently solved structures of plant FKBPs show that
the loops of the FKBd play an important role in substrate-binding
through their inﬂuence of the shape and size of the FKBP ‘active
site.’ It should be noted that structural variations in the FKBd that
abolish proline, binding and therefore PPIase activity, may accom-
modate, or be specialisations for, other amino acids. Therefore the
major sequence variation in the loop regions of plant FKBPs [7,8]
may reﬂect a range of speciﬁcities of individual FKBds for distinct
interaction partners.
5.2. PPIase enzyme vs. protein chaperone
Plant FKBPs are generally described as PPIases due to their
inclusion of at least one FKBd, which is the archetypal FKBP-type
P.J. Gollan et al. / FEBS Letters 586 (2012) 3539–3547 3545PPIase active site [1,2]; however there are several reasons to move
away from this generalisation. PPIase activity is not a conserved
feature of the plant FKBPs, with 14 of the 21 isoforms assayed to
date shown to be inactive (Table 1). As mentioned previously, PPI-
ase assays measure certain parameters of the FKBd structure,
namely the capacity to accommodate a Pro residue, but have so
far failed to illuminate the functional details of plant FKBPs. In fact,
the physiological relevance of any FKBP-mediated PPIase activity
in eukaryotes remains to be demonstrated. Meanwhile, evidence
of FKBPs interacting with speciﬁc client proteins continues to accu-
mulate, and so it may be more practicable to consider the FKBd as a
specialised domain for protein interactions.
5.3. Evolution of the plant FKBP family
A proportion of the modern FKBP family in higher plants exists
as unique singletons, such as TWD1, PAS1 and FKBP12 (Table 1),
which tend to play constitutive roles essential to plant develop-
ment. These isoforms are usually PPIase-inactive and are more evo-
lutionarily distant from non-plant FKBPs than duplicate isoforms
[75]. This suggests a rapid rate of evolution in these plant genes
that has led to distortion of the archetypal FKBd and acquisition
of novel, plant-speciﬁc chaperone partners. On the other hand,
up to half the FKBPs in some plant species belong to a pair of
homologous gene duplicates (Table 1). Conceivably, FKBPs ex-
pressed from newly duplicated genes would initially compete for
the same substrate before evolving unique substrate afﬁnities
through mutations in the FKBd loop sequences. This was elegantly
demonstrated by Riggs et al. [76] in their conversion of mamma-
lian FKBP51 from its native role as antagonist of hormone receptor
transport into a potentiator of receptor transport, analogous to
FKBP52, through mutation of a single 80s loop residue. Such inter-
active, antagonistic functionalities arising in FKBP duplicates such
as ROF1/ROF2 have created opportunities for ﬁne-tuning of stress
response mechanisms in plants, explaining the trend of stress-
responsive roles for duplicate FKBPs explored earlier, and auguring
intriguing functional discoveries for other plant duplicates such as
FKBP15-1/15-2, FKBP43/53 and FKBP13/16-2.
FKBP multigene families in higher plants have evolved through
exon shufﬂing and gene duplication events occurring throughout
plant evolution [8,13,77]. It is likely that an original FKBP ancestor
interacted with a partner protein by binding a Pro motif at its
hydrophobic core, with substrate diversiﬁcation occurring through
mutations in key regions of duplicated genes, as discussed above.
The evolutionary advantage of supplementing selectively interac-
tive FKBds with other functional domains such as TPRs, CaMBds
and membrane anchors can be seen in the multidomain FKBPs like
TWD1 and ROF1/ROF2 that operate as multifunctional adapters
overseeing timely interactions between speciﬁc clients and other
chaperone complexes, transporters and membranes, as described
in previous sections. The relevance of multiple single domain iso-
forms is less obvious, although expansion of this subset was clearly
also proﬁtable, particularly for thylakoid physiology. It is possible
that FKBPs with PPIase activity regulate the conﬁguration of target
Pro residues, which is known to be a ‘molecular switch’ controlling
the activity of some proteins (reviewed in [78]). Another possibility
is that FKBPs may bind speciﬁc Pro motifs to regulate interactions
between the client and other proteins or enzymes. This scenario re-
ﬂects the activities of mammalian and yeast FKBP12, which inhibit
CaN kinase and TOR phosphatase when bound to Pro analogues
FK506 and rapamycin, respectively [4]. A role for FKBPs in regulat-
ing phosphorylation of client proteins is supported by the recent
discovery from the Geisler group that an interaction between
TWD1 and the PINOID kinase regulates phosphorylation of the
ABCB1 auxin transporter [41], and also by the ﬁnding that mam-
malian FKBP52 promotes interaction between AKT kinase andPHLLP phosphatase [83]. Nonetheless, direct association of a kinase
or phosphatase with any FKBd or single-domain FKBP bound to its
native substrate remains to be shown.
5.4. Closing remarks
Twenty years of studying the higher plant FKBPs have estab-
lished them as important players in cell signalling, stress response,
photosynthesis and gene transcription. Nonetheless, the principal
function of the conserved signature domain, the FKBd, has been
difﬁcult to ascertain due to a diversity of roles, the unknown con-
tribution of PPIase activity and the ﬁnding that some FKBPs are vi-
tal for plant physiology while others appear to be redundant.
Recent discoveries of unique chaperone partners for plant FKBPs,
coupled with the solution of FKBd structures and characterisations
of entire FKBP multigene families, have reiterated their diversity
and complexity but also indicate that the FKBd has evolved as a
versatile interaction domain with exclusive chaperone clients. Fu-
ture investigations into the inﬂuence of FKBPs over post-transla-
tional and behavioural modiﬁcations of client proteins,
particularly during stress and changes in environmental condi-
tions, is likely to reveal the FKBPs at the centre of timely and
appropriate interactions in the plant cell.
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